I. INTRODUCTION
Co oxides are attracting much attention in the condensed matter community as they present a rich variety of interesting phenomena. [1] [2] [3] [4] [5] Spin-state transitions in oxides having Co 3+ ions is one of the most celebrated. [6] [7] [8] [9] [10] Different types of metal-insulator transitions (MITs) are being investigated in Ln-A-Co-O (Ln: lanthanide; A: alkaline earth) cobaltites having in common CoO 6 octahedra with a small energy difference between crystal-field splitting and Hund's coupling energy. [11] [12] [13] [14] Ln-A-Co-O oxides offer new frameworks to obtain remarkable magnetic and transport properties (for applications in the field of electronics) due to the ability of Co to adopt various oxidation states and electronic configurations. Pr 0.5 Ca 0.5 CoO 3 exhibits a MIT (T MI = 70 K) and is considered a "strongly correlated spin-crossover" system. 12, 14 Recent experiments have proved the possibility of generating metallic domains in the insulating low-temperature phase of Pr 0.5 Ca 0.5 CoO 3 by ultrafast photoexcitation, making this material of interest in the area of ultrafast optical switching devices. 15 The ionic description of the t was proposed as the origin of the MIT transition. 12 The first is widely accepted, but charge ordering with two differentiated Co 3.5−δ and Co 3.5+δ sites has not been detected. Several works have reported similar MITs in (Pr 1−y Ln y ) 1−x Ca x CoO 3 (Ln: Sm, Tb, Y, . . .) perovskites for different Ca contents (x = 0.3, 0.4, 0.5, etc.). [16] [17] [18] The existence of the MIT depends not only on x, but also on y and the lanthanide species. 18 In these cases it was generally assumed that, besides the effects of temperature and hydrostatic pressure, both x and y parameters have a strong influence on the number of electrons in the e g orbitals. 17 According to magnetic and transport measurements, the transition was viewed as a sudden IS → LS transformation of Co 3+ atoms in the ionic description in some compounds, but also as a more gradual IS→LS crossover in other compositions. 18 However, in recent years there has been increasing evidence that the first-order MIT with x close to 0.5 occurs only for (Ln, Ln', Ca) cations with Ln = Pr, 14, [17] [18] [19] [20] raising speculations about the role played by the Pr-O hybridization on the MIT in these cobaltites. Moreover, a (Pr,Ca)-O bond contraction has been observed across T MI . [20] [21] [22] In this work we present x-ray absorption measurements at the Pr 20 Final sintering of the samples was performed under high oxygen pressure (p O 2 = 200 bars) to assure optimal oxygen content. Samples were well crystallized and free from impurities as revealed by x-ray and neutron diffraction. Neutron powder diffraction (NPD) data were collected on D2B (λ = 1.594Å), D1B (λ = 2.52Å), and D20 (λ = 1.88Å) diffractometers of ILL (Grenoble). Diffraction patterns were recorded in the temperature range between 5 K and room temperature (RT). Magnetization measurements were performed using a superconducting quantum interference device (SQUID) magnetometer; ac susceptibility, magnetotransport, and thermoelectric power data were recorded using a commercial physical properties measurement system (PPMS) in the temperature range 2 < T < 350 K. Absorption measurements were performed on beam lines MAGS and PM-3 at the BESSY II synchrotron radiation source. 23 X-ray absorption spectra (XAS) were collected by means of bulk-sensitive fluorescence yield (FY). Temperature dependence of the absorption was measured on heating between 10 and 300 K.
III. RESULTS AND DISCUSSION
A. Pr valence change at the metal-insulator transition To investigate the role of the Pr cation on the MIT transition x-ray absorption spectra at the Pr L 3 edge have been acquired on MAGS as a function of temperature for all three samples. Absorption spectra have been obtained by means of fluorescence yield (FY-XAS). All spectra are depicted after normalization to their area on Fig. 2 across the transition. [20] [21] [22] The change θ 1 is the main cause of opposite spatial shifts of Pr and O1 atoms within the a-c plane: u x = 0.0079, u z = −0.0023 and |s| = 0.044Å for Pr, and u x = −0.0044, u z = 0.0097, and |s| = 0.0567Å for O1, where u i are the relative and |s| the total displacements.
To get further insight on the decisive importance of the tilting of the CoO 6 octahedra for the occurrence of the 4f 2 →4f 1 transition we compare the above results with those obtained for Pr 0.50 Y 0.05 Ca 0.45 CoO 3 . In that case the substitution of 5% of Y atoms, of smaller size than Pr and Ca, increases the tilting of the octahedra. From NPD we obtain θ 1 = 157.56 (1) • and θ 2 = 157.67(1)
• at RT. The basal angle θ 2 is almost identical to metallic Pr 0.55 Ca 0.45 CoO 3 but the apical angle θ 1 is ≈1.5
• smaller. The Pr L 3 FY-XAS spectra for this sample [ Fig. 1(c 14 Although a precise determination of the Pr valence would require very specific theoretical calculations, we have parametrized the valence changes monitored in the FY-XAS data from the intensity changes in the spectroscopic features at 5967 eV (A) and 5978 eV (B). As in some previous XAS studies of L 3 edges (e.g., Yamaoka et al. 25 and Richter et al. 26 ), the changes in Pr valence are estimated from the relative ratio of intensities corresponding to A and B spectral features, i.e., I A /I B . 26 Both I A and I B were obtained by fitting the spectra with two Voigt functions after subtracting the steplike signal from the continuum. Undefined T-independent contribution of extended x-ray-absorption fine structure to the intensity of the B feature avoids exact quantification of the Pr valence, 27 however, a simple estimation of the change of the Pr valence ( v[Pr] ) with respect to its value at RT is feasible. The changes v[Pr] estimated for all three compositions are plotted in Fig. 3(a) as temperature decreases. Decreasing temperature, between RT and T MI , the system keeps its metallic state and according to Fig. 3(a) the valence of Pr in Pr 0.5 Ca 0.5 CoO 3 remains constant. As the temperature approaches T MI , the Pr valence in Fig. 3(a) Fig. 3(a) . This compound does not show appreciable changes in the electronic configuration of Pr. the oxidation state of praseodymium are perfectly simultaneous to changes in the Seebeck coefficient. At RT we obtain a Seebeck coefficient α ≈ +15 μV/K. On cooling, the linear metallic behavior of α(T) ends with a sharp increase (reaching +30 μV/K) when a fraction of electrons with 4f symmetry start leaving Pr atoms to reach Co(3d)-O(2p) bonds. The charge-transfer process extends over the interval 61-100 K in Fig. 3(b) .
So, XAS data reveal that the strong Pr-O bond contraction detected at T MI by neutron diffraction is due to a significant overlap between the Pr 4f wave functions and selected oxygens that abruptly shift the Pr valence towards the tetravalent 4f 1 state. 28 As the electrical neutrality requires, Co L 3 XAS spectra of Pr 0.5 Ca 0.5 CoO 3 confirm that the electronic migration from Pr is compensated by changes in the Co valence. Co L 3 XAS spectra recorded by using the ALICE diffractometer chamber 29 on PM-3 are shown in Fig. 4 as a function of temperature. Important modifications show up at this edge coinciding with the transition. As a guide for the valence states of Co ions, the changes in Fig. 4 are compared to the reference compounds SrCoO 3 (Co 4+ ) and AgCoO 2 (Co 3+ ) (from Ref. 30) . The spectra of these formally tetravalent and trivalent systems at RT mainly differ in the intensity of the shoulder at 2eV below the main peak. A clear loss of intensity in the shoulder at ∼780.7 eV (2 eV below the maximum) has been detected at the MIT in Pr 0.5 Ca 0.5 CoO 3 as expected from a charge transfer from Pr to Co sites. Outside the temperature window of the transition the spectra shown in Fig. 4 hardly change. Figure 5 shows the temperature dependence of the Co L 3 -edge FY-XAS intensity measured at 780.7 eV, where the largest specific contribution from Co 4+ valence is expected. Intensity (arb. units) per formula unit (f. u.). Namely, there is a stabilization of the trivalent LS state of Co in the localized phase induced by a destabilization of the trivalent valence state of praseodymium. According to Fig. 3(a) , electron migration is only partial: 14 They anticipated that the gap could be associated to a charge transfer between the Pr and Co sites. Absorption data across the Pr L 3 edge are consistent with the energy of Pr 4f bands being relatively near the Fermi level in the metallic state, and a part of them becoming unoccupied and shifted above E F below T MI . Simultaneously, concomitant with the gap opening, some initially empty Co t 2g symmetry states move below Fermi level being occupied by electrons originally in states of f symmetry. The result is a charge transfer from Pr-4f to Co-3d-t 2g states at T MI on cooling.
IV. CONCLUSION
In summary, x-ray absorption spectroscopy measurements in Pr 0. 5 Note added: Recently, we became aware of a paper by J. Hejtmánek et al. 32 in which the Schottky peak in the specific heat of (Pr,Y) 0.7 Ca 0.3 CoO 3 samples is studied. The result indicates that the present conclusions also apply to lower Ca dopings.
